We present the magnetic phase diagram of a spin-1/2 chain antiferromagnet Sr2CuO3 studied by ultrasound phase-sensitive detection technique. We observe an enhanced effect of external magnetic field on the ordering temperature of the system, which is in the extreme proximity to the quantum critical point. Inside the Néel ordered phase, we detect an additional field-induced continuous phase transition, which is unexpected for a collinear Heisenberg antiferromagnet. This transition is accompanied by softening of magnetic excitation mode observed by electron-spin resonance, which can be associated with a longitudinal (amplitude) mode of the order parameter in a weakly-coupled system of spin-1/2 chains. These results suggest transition from a transverse collinear antiferromagnet to an amplitude-modulated spin density wave phase induced by magnetic field. PACS numbers: 75.50.Ee, 76.60.-k, 75.10.Jm, 75.10.Pq
Here, J and J ⊥ are intra-and inter-chain exchange coupling constants, respectively, g is a Landé spectroscopic g-factor, µ B is a Bohr magneton, and A ≈ 1.28 and Λ ≈ 5.8 are non-universal numerical coefficients.
One of the best realizations of a weakly-ordered antiferromagnetic spin-1/2 chain system known up to date is Sr 2 CuO 3 . This material has a body-centered orthorhombic crystal structure (space group Immm) composed of Cu-O chains running along the b-axis of the crystal. The strong Cu-O hybridization along this direction results in an extremely large in-chain superexchange interaction, J ≈ 2800 K [3] [4] [5] . The inter-chain exchange coupling is significantly reduced due to very small orbital overlaps between Cu-O ensembles in the directions perpen-dicular to the b-axis, thus resulting in an almost ideal spin-chain system. Sr 2 CuO 3 undergoes an ordering transition into a collinear antiferromagnetic state with ordered moments aligned with the b-axis at T N = 5.5(1) K (T N ≪ J) [6] [7] [8] . The exchange interaction between two nested collinear spin sublattices on a body-centered lattice is fully frustrated, so that on the mean-field level these two subsystems are exchange-decoupled. The effective inter-chain exchange coupling can be evaluated from Eq. (1) as J ⊥ ≈ 1.5 K, yielding a very small ratio J ⊥ /J 5 · 10 −4 . The ordered moment estimated from this ratio, m 0 ≈ 0.05µ B , is in good agreement with the experimentally observed value, µ = 0.06µ B , so the system is in a very close proximity of the one-dimensional (1D) Luttinger-liquid quantum-critical state.
Electron-spin resonance (ESR) study [8] uncovered two different types of magnetic excitations in the ordered state of Sr 2 CuO 3 . In addition to conventional pseudo-Goldstone modes with small gaps induced by weak biaxial anisotropy, a novel resonance branch was observed below T N , which was related to a specific gapped longitudinal (amplitude) mode predicted by chain-mean-field (CMF) theory [2] in the proximity of a quantum-critical point. Such longitudinal mode was observed by inelastic neutron scattering in a quasi-1D spin-1/2 model system KCuF 3 [9, 10] . The frequency of the new ESR mode decreased with magnetic field, indicating softening at a critical field, µ 0 H c ≈ 9.4 T, above which it increased again. While this observation is compatible with a second order phase transition, its presence could not be firmly established because of an incomplete gap closure.
In this work, we study the magnetic phase diagram of Sr 2 CuO 3 using high-sensitivity ultrasonic technique supplemented by additional ESR measurements. We observe an increase of the Néel temperature with magnetic field (by ≈ 20% at 15 T) consistent with the suppression of quantum fluctuations in a weakly ordered quasi-1D antiferromagnet near quantum criticality [11] [12] [13] [14] [15] . In addition, we detect clear anomalies, both in sound velocity and in attenuation coefficient, revealing a field-induced phase transition in the field range where the additional gapped mode was found to soften. These anomalies only occur inside the ordered phase and fully disappear above T N , suggesting the scenario of a continuous phase transition from the transverse Néel order to the longitudinal, amplitude-modulated spin density wave in magnetic field. Our experiments were carried out on a high quality single crystal of Sr 2 CuO 3 (m ≃ 0.1 g) from the same batch as in Ref. 8 . The sample was cut in a cubic shape with the edges parallel to three principal axes of the crystal lattice determined by X-ray measurements. ESR measurements on the same sample were performed to establish the equivalence of magnetic spectra to our earlier results [8] . Ultrasonic measurements were carried out at Dresden High Magnetic Field Laboratory, Helmholtz-Zentrum Dresden-Rossendorf, Germany. The experimental setup was operating as a frequency variable bridge. The relative change of the sound velocity, ∆v/v, was assumed to be equal to the relative change of the frequency corresponding to the bridge balance, ∆f /f = ∆v/v, neglecting the change in sample length. Ultrasound waves were generated and registered by LiNbO 3 single-crystal resonant piezo-electric transducers with the fundamental frequency ≃ 27 MHz. All the results described below were obtained for the transverse ultrasound mode propagating along b-axis of the crystal, k b, u c, where k is the wave vector and u is the polarization of the sound. The temperature dependence of the relative change of the sound velocity, ∆v/v, and sound attenuation, ∆α, in Sr 2 CuO 3 for different magnetic fields applied along the c-axis are presented in Fig. 1(a) ,(b). The temperature dependence indicates spin-lattice coupling, because purely lattice properties are expected to be temperature independent in this range. The sound velocity shows slight increase with decreasing temperature, by ∼ 0.01% below 15 K and down to a maximum at 5 to 6 K, depending on the field, after which it decreases. An exception is the behavior at µ 0 H = 9.5 T, which is non-monotonous at low T , with an uprise resulting from the proximity to the ≈ 9.4 T transition discussed below. A maximum is followed by a clear anomaly in the form of a small narrow dip in the middle of the slope, which indicates transition into a magnetically ordered state (indicated by down arrows). The transition is accompanied by a steplike increase of the sound attenuation, ∆α [ Fig. 1(b) ]. The position of the anomaly, which we associate with T N , varies from about 4.7 K to 6 K, depending on the applied magnetic field.
The magnetic field dependence of ∆v/v and ∆α at several constant temperatures from 1.7 to 6 K obtained by sweeping the magnetic field up to 15 T are presented in panels (c) and (d) of Fig. 1 . At the lowest temperature, T = 1.7 K, the sound velocity demonstrates a relatively broad hump-like feature near µ 0 H ≈ 9.4 T, while the sound attenuation shows a (narrower) jump-like anomaly. The position of both features is nearly temperature independent, while they gradually decrease in amplitude with increasing temperature and completely disappear above T N . The increase of the sound velocity near 9.4 T also reveals itself in the T -dependence of ∆v/v at 9.5 T shown in Fig. 1(a) . On the other hand, the anomaly cor-responding to the ordering transition at T N (H) can also be detected in the isothermal field dependences measured at 4.9 K and 5.5 K [down arrows in Fig. 1(c) ].
Measurements with the same sound propagation geometry were also performed for the magnetic field applied along b-axis. The records of the sound velocity and attenuation vs temperature appeared to be nearly identical to the previously discussed data for H c, with similar anomalies corresponding to antiferromagnetic transition temperature, T N (H) (panels (a) and (b) in Fig 2) . However, we have found a remarkable difference in the field sweeps presented in Fig. 2 (c),(d) . Firstly, both the sound velocity and attenuation exhibit a narrow peak at µ 0 H sf ≈ 0.5 T, which corresponds to the spin-flop transition detected in earlier ESR-measurements [8] . This peak is followed by a broader, step-or hump-like feature around 4 T, resembling the feature observed in Fig. 1 at H c near 9.4 T. Similarly to the H c case, both anomalies do not shift significantly with temperature, but decrease in amplitude and fully disappear above T N .
Positions of the anomalies observed in all temperature and magnetic field scans are collected in Fig. 3 , representing the magnetic phase diagram of Sr 2 CuO 3 for two principal directions of the applied field. The first notable peculiarity of this phase diagram is the significant increase of the temperature of magnetic ordering under applied field, which amounts to about 20% of the zerofield T N for µ 0H ≃ 10 T applied along c-axis and to about 15% for H b-axis. Being in qualitative agreement with previous results for quasi-one-dimensional Heisenberg antiferromagnets (see e.g. [11] [12] [13] [14] [15] and references therein) this finding looks exceptional from the quantitative point of view. For example, similar relative increase of T N in an organic spin-1/2 quasi-1D system CuCl 2 · 2NC 5 H 5 (J/k B = 13.4 K, J ⊥ /J ∼ 3 × 10 −4 , T N = 1.14 K) [11] is obtained under magnetic field H ≈ 0.35H sat , where H sat = 4JS/(gµ B ) is a saturation field, while the corresponding field for Sr 2 CuO 3 does not exceedH ≈ 2.5 · 10 −3 H sat . Somewhat closer rate of T N variation under field (H ≈ 0.02H sat ) was found in a nearly ideal S = 5/2 chain system TMMC, with even smaller ratio J ⊥ /J = 10 −4 . However, the effect we observe in Sr 2 CuO 3 is still an order of magnitude larger.
The enhanced initial uprise of T N under relatively small (H ≪ H sat ) magnetic field is followed by a flattening of T N (H) curvature above 10 T, perhaps indicating the presence of an additional energy scale governing magnetic order in Sr 2 CuO 3 . Among the mechanisms contributing to the initial fast growth, in addition to magnetic field suppression of the frustration on a body centered lattice (neutron diffraction [7, 8, 16] indicates degenerate collinear structures in Sr 2 CuO 3 below T N ), could be a presence of a tiny amount of impurities [8] . According to NMR experiments [17] , magnetic field can induce local areas of staggered magnetization around impurities, which extend with decreasing temperature thus possibly stimulating magnetic ordering in a system of weakly coupled spin chains. The observed slowing down of T N (H) dependence, however, is most likely related to the transformation of the spin ground state revealed by the field-induced transition reported here. For the magnetic field applied along c-axis of the crystal, the field range of rapid variation of T N vs H ends with the field-induced phase transition at µ 0 H = 9.3 ± 0.2 T. The value of the critical field is nearly temperature independent up to the transition into the paramagnetic phase at T N (H) (Fig. 3, right panel) . For H b, the similar features on the field dependencies of sound velocity and attenuation indicating the transition are observed at lower fields, between 3 and 4 T (Fig. 3, left panel) .
The ESR measurements presented in Fig. 4 (upper panel) show that the transition at H c coincides with the softening of the unusual spin excitation mode, which was discovered in our recent ESR experiments and interpreted as the coupled mode of Goldstone spin wave and the longitudinal (amplitude) mode of the order parameter [8] (no similarly softening resonance mode is seen at H b in that frequency range). The observed nonmonotonic field dependence can be described by the critical behavior of the resonance frequency, ν ∝ |H − H c |, expected for a continuous second order phase transition ( Fig. 4) . A small residual gap introduced to best fit the data can be explained by the mode-repulsive coupling of this excitation with the field-independent pseudo-Goldstone magnon at ν ≈ 13 GHz [8] . Alternatively, this gap might reflect a slight (by 1 − 2 • ) deviation of the applied magnetic field from c-axis of the sample.
Extrapolating the field dependence of the softening mode to H = 0, one can estimate its zero-field energy, hν(H = 0) ≃ 0.7 ± 0.1 meV. This value compares very favorably with the energy of a longitudinal mode predicted by chain mean field theory for weakly coupled spin-1/2 chains in the proximity of the critical point, ε L = 2/3∆ ≈ 0.65 meV, where ∆ ≈ 6.2J ⊥ ≃ 0.8 meV is a "mass gap" [2] . Inelastic neutron scattering experiments in another S = 1/2 chain material, KCuF 3 , provided evidence for the existence of such mode, albeit heavily damped [9] , which hinders its experimental observation by means of magnetic resonance. In Sr 2 CuO 3 the softening mode is reasonably sharp affording its detection by ESR, which is probably due to the remarkable onedimensionality of this material. Attributing this mode to the longitudinal (amplitude) mode of the order parameter, one can identify the field-induced phase transition accompanied by its softening as a symmetry breaking transition to the amplitude-modulated, longitudinal spin density wave (LSDW) state. An LSDW phase induced by magnetic field was previously observed in a system of weakly coupled Ising-like, spin-1/2 XXZ chains [18] , but not for the Heisenberg case studied here.
In conclusion, ultrasound measurements in Sr 2 CuO 3 single crystal were used to obtain the (H, T ) magnetic phase diagram in a wide range of temperatures and magnetic fields applied along two principal axes. The results reveal clear anomalies in the ultrasound velocity and attenuation, which identify the temperature of magnetic ordering transition, T N , the spin-flop, and the novel field-induced magnetic transition inside the ordered phase. The value of a zero-field Néel temperature T N (H = 0) ≃ 5 K has been found to increase markedly with magnetic field, by about 20% at 10 T. The enhanced suppression of quantum fluctuations by a relatively weak magnetic field, gµ B H ≪ 4JS, should be related to the proximity of the system to the quantum critical point. Our central result is the novel field-induced second order magnetic transition at gµ B H c ≪ J. The critical field of this transition depends on magnetic field orientation but was found to be nearly temperature-independent, with the magnitude of the corresponding anomalies vanishing above T N . The ESR measurements show that this transition is accompanied by a linear softening and reopening of an unusual gapped mode of magnetic excitation, which can be associated with the longitudinal (amplitude) mode of the order parameter. This suggests field-induced transformation of the initial collinear antiferromagnet into an amplitude-modulated LSDW state at gµ B H c ≪ J, which is surprising [19] in the case of weakly coupled nearlyisotropic Heisenberg chains in Sr 2 CuO 3 studied here.
